Males and females of the diamondback moth (DBM), Plutella xylostella (L.) were investigated for electroantennogram responses to 13 volatiles from Brassicaceae in the laboratory, and showed stronger responses to benzaldehyde, phenylacetaldehyde, allyl isothiocyanate, (Z)-3-hexen-1-ol and (Z)-3-hexenyl acetate than to monoterpenic volatiles. In field trapping experiments, traps baited with the synthetic female sex pheromone of DBMϩ(Z)-3-hexenyl acetate or pheromoneϩ(Z)-3-hexen-1-ol significantly enhanced male catches in three brassicaceous crops, compared with traps baited with synthetic sex pheromone alone. Traps baited with pheromoneϩ(Z)-3-hexenyl acetate and pheromoneϩ(Z)-3-hexenyl acetateϩ(Z)-3-hexen-1-olϩallyl isothiocyanate enhanced male catches by 46.4% and 75.0%, respectively, compared with synthetic sex pheromone alone, and caught an average of 15.8Ϯ2.2 and 18.6Ϯ2.7 females/trap/day, respectively, during the whole trapping period. Results indicate that traps baited with pheromoneϩ(Z)-3-hexenyl acetateϩ(Z)-3-hexen-1-olϩallyl isothiocyanate have a stronger attraction to both male and female DBM and may provide more effective tools for monitoring and controlling this insect pest.
INTRODUCTION
The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Plutellidae) is one of the most important pests of cruciferous crops throughout the world (Talekar and Shelton, 1993) . DBM feeds on all brassicaceous crop plants, cole crops, and several greenhouse plants, particularly cabbage and other cruciferous plants of the genus Brassica (Reddy and Guerrero, 2004) . One of the factors that have enabled P. xylostella to cause so much damage is its ability to develop resistance rapidly to many classes of insecticides (Talekar and Shelton, 1993) . This has prompted an evaluation of alternative pest management strategies including applications of its sex pheromone.
The major female sex pheromone components of DBM are (Z )-11-hexadecenal (Z 11-16:Ald), (Z )-11-hexadecenyl acetate (Z11-16:Ac), and (Z )-11-hexadecenol (Z11-16:OH) (Chow et al., 1977; Tamaki et al., 1977; Koshihara et al., 1978; Koshihara and Yamada, 1980) . The synthetic sex pheromone has been utilized to monitor and control DBM (Môttus et al., 1997; Reddy and Guerrero, 2000a) . In China, more farmers prefer mass trapping to mating disruption with sex pheromone lures for control of insect pests because it is convenient and inexpensive. However, field tests of mass trapping did not result in high efficiency in the control of DBM, and it has often been deemed to be less competitive than other means of control during the past years (Du, 2000) . It seems likely that the best way to improve the efficiency of the mass trapping technique is to study and develop a highly efficient lure for both male and female DBM.
Previous studies have demonstrated that chemicals from host plants often enhance insect responses to sex pheromones (Landolt and Phillips, 1997; Reddy and Guerrero, 2004) . Host odor enhancement of attraction responses of males to pheromones was reported in several insect orders Light et al., 1993; Fang and Zhang, 2002; Deng et al., 2004) . Reddy and Guerrero (2000b) reported that the mixture of (Z )-3-hexenyl acetate with synthetic sex pheromone had a synergistic effect on the capture of P. xylostella moths in the field in comparison with synthetic sex pheromone alone. Some volatile compounds from Brassicaceae have been identified and proven attractive to adult DBM (Reddy and Guerrero, 2000b; Han et al., 2001 ). Here we selected several volatile compounds reported to be produced by host plants of DBM (Reddy and Guerrero, 2000b; Han et al., 2001) . We then tested the electroantennogram (EAG) responses elicited by them in the laboratory. The trapping efficiency of these plant volatiles combined with synthetic sex pheromone for both males and females of DBM was assessed in the field. Based on these studies, we developed effective attractants for simultaneous trapping of both sexes of DBM to improve mass trapping efficiency in the fields.
MATERIALS AND METHODS
Insects and plants. P. xylostella adults were collected from cabbage (Brassica oleracea var. capitata Linn.) fields in Songjiang (31.1°N, 121.4°E), Shanghai, China in 2002, and reared in the laboratory on potted Chinese cabbage (B. rapa cv. gr. Pekinensis) for two generations before use in experiments. The laboratory was maintained at 25Ϯ2°C and 60Ϯ10% RH, under a reversed 14L : 10D photoperiod. Male and female DBM larvae were separated as described by Liu and Tabashnik (1997) . Newly emerged adults were provided with cotton balls saturated with 10% sucrose solution.
Chemicals. (Z )-11-Hexadecenal (Z11-16:Ald), (Z )-11-hexadecenyl acetate (Z11-16:Ac) and (Z )-11-hexadecenol (Z11-16:OH) were obtained commercially (Shin-Etsu Chemical Industries, Japan). (Z )-3-Hexenyl acetate was synthesized and purified by column chromatography in our laboratory (Wang, 1987) . The purity of these compounds was measured using gas chromatography, and the sample was found to be more than 95% pure. Hexanal (purity Ն98%), 1-hexen-3-ol (purity Ն98%), 1-octen-3-ol (purity Ն98%), (E)-2-hexenal (purity Ն99%), (Z )-3-hexen-1-ol (purity Ն98%), (Ϯ)-linalool (purity Ն98%), R-(ϩ)-limonene (purity Ն97%), and a-pinene (a blend of the enantiomers of R-(ϩ)-a-pinene and S-(Ϫ)-a-pinene) (purity Ն97%) were purchased from Sigma-Aldrich Chemical Co. Ltd. Allyl isothiocyanate (purity Ն94%), benzaldehyde (purity Ն98%), phenylacetaldehyde (purity Ն94%), benzoic acid (purity Ն94%), hexane (purity Ն99%) were purchased from the Chinese Medical Chemical Company, Shanghai. Peanut oil was bought in a Shanghai supermarket. Plastic centrifugal tubes were obtained from the Shanghai Biological Engineering Co., Ltd.
Electroantennogram (EAG) responses. EAG responses from isolated male and female antennae were recorded according to the method described by Fang and Zhang (2002) . An antenna of a 3-dayold moth was excised from its base with microscissors. The base of the isolated antenna was connected to the indifferent electrode, while the tip, from which a few distal segments were cut in order to get better contact, was connected to the recording electrode. EAG signals were amplified and monitored with a head-stage preamplifier and further amplified and processed with a PC-based signal processing system (Syntech ® , The Netherlands).
EAG evaluations were conducted to screen for effective compounds, and 13 volatile components, including benzaldehyde, phenylacetaldehyde, allyl isothiocyanate, (Z )-3-hexen-1-ol, (Z )-3-hexenyl acetate, 1-hexen-3-ol, (E)-2-hexenal, 1-octen-3-ol, hexanal, benzoic acid, linalool, limonene and apinene, were evaluated. Test compounds were dissolved in analytical grade hexane. The test concentration of each solution was 4 mg/ml. Five microlitres of each solution was applied to a piece of filter paper (5ϫ30 mm), and the solvent was allowed to evaporate for 20 s before the filter paper was inserted into a glass Pasteur pipette (15 cm long). The tip of the pipette was inserted into a small hole (3 mm in diameter, 12 cm from the outlet) of a main airflow tube (12 mm in diameter, 17 cm long) in which a continuous, charcoal filtered and moistened airflow (4 ml/s) was blown through onto the prepared antenna. A 0.5 s puff of charcoal-filtered airflow (4 ml/s) was introduced through the large end of the Pasteur pipette, transporting the test chemicals to antenna for stimulation, using an electronically controlled stimulus flow controller (CS05, Syntech ® ). Intervals between stimuli were at least 60 s. Each chemical was tested with a hexane blank presented before and after with 1-min intervals between tests. Each compound was tested with ten moth antennae, and each antenna was tested three times.
To account for solvent and other background effects, we subtracted the averaged EAG responses to hexane recorded before and after each test material as described by Dickens (1984) . EAG responses for all test chemicals were standardized to the absolute EAG response of 20 mg of benzaldehyde per filter paper strip, which was set to 1. For statistical analyses, data were arcsine square-root transformed to meet the assumption of normality and homogeneity of variances. The significance of differences (pϽ0.05) in the intensity of EAG response to test chemicals was assessed using analysis of variance (ANOVA) and means compared using Duncan's multiple range test (Duncan, 1955) . Trapping efficiency of synthetic sex pheromone combined with mixed volatiles. Field trials were also conducted in cabbage fields at Songjiang Agricultural Experiment Station from October to December, 2004, May to July and October to December, 2005 to evaluate the trapping efficiency of synthetic sex pheromone combined with mixed volatiles. Treatments were (i) Ph, (ii) Phϩ(Z )-3-hexenyl acetate, (iii) Phϩ(Z )-3-hexenyl acetateϩ allyl isothiocyanate, (iv) Phϩ(Z )-3-hexen-1-olϩ allyl isothiocyanate, (v) Phϩ(Z )-3-hexenyl acetateϩ(Z )-3-hexen-1-olϩallyl isothiocyanate, and (vi) control. All field trials were conducted during the peak emergence period of adult P. xylostella from May to July and from October to December every year in Shanghai, China.
Two types of dispensers were used in the traps during field trapping. One was a red rubber septum impregnated with 50 mg of synthetic sex pheromone (a mixture of Z11-16:Ald, Z11-16:Ac and Z11-16:OH at a ratio of 7 : 3 : 1) for all experiments, and the second was a 600 ml plastic centrifugal tube loaded with test chemicals in 10 ml of peanut oil. A 1 mm hole was bored in the cap of the tube when the trap was mounted in the field (Deng et al., 2004) . Yellow plastic water basins (20 cm in diameter, 10 cm in height) were used as traps in field trapping.
The two different dispensers were hung close together 2 cm above the water surface of the traps. The traps were placed about 20 cm above the plant canopy. The layout of the trial followed a completely randomized block design. The distance between traps was about 20 m. Traps were rotated every three days to minimize the effects of trap location, and lures were replaced every 10 days. Insects captured in the traps were removed every two days, counted, sexed and cataloged. The trap with a plastic centrifugal tube containing 10 ml of peanut oil was used as a control. Four or six replicates were used for each treatment. Over the three years that experiments were conducted, plots were conventionally tilled with fertilizers and herbicides applied according to current recommendations from the Plant Protection Station. Each plot was separated from other crucifers by at least 50 m.
Data analysis. Before analysis, counts were transformed to log(xϩ1) in order to homogenize variances and standardize means and then were subjected to one-way analysis of variance (ANOVA), and when significant treatment differences were indicated, Duncan's multiple range test (DMRT) (pϽ0.05 is assumed unless stated differently) was used to separate mean trap captures. Untransformed means (ϮSE) are given in tests, whereas statistical results refer to transformed data. Statistical analyses were performed using the SPSS 11.0 for Windows statistical package (SPSS, IL, USA).
RESULTS

EAG responses
The EAG results showed that all volatile components tested could elicit electroantennogram (EAG) responses from male and female DBM (males: F 11,119 ϭ19.58, pϽ0.0001; females: F 11,119 ϭ26.36, pϽ0.0001) ( Table 1) , Of these volatiles, benzaldehyde, phenylacetaldehyde, allyl isothiocyanate, (Z )-3-hexen-1-ol and (Z )-3-hexenyl acetate elicited stronger EAG responses, and the EAG responses elicited by monoterpenic volatiles were weaker (Table 1) .
Field trapping Trapping efficiency of a single plant volatile
Traps baited with a single plant volatile compound or synthetic sex pheromone (Ph) alone captured significantly more DBM males than the control (males: F 6,27 ϭ154.76, pϽ0.0001; females: F 6,27 ϭ42.13, pϽ0.0001). Traps baited with (Z )-3-hexenyl acetate, (Z )-3-hexen-1-ol and sex pheromone alone captured significantly more males than traps with allyl isothiocyanate, benzaldehyde and phenylacetaldehyde. Fewer males were caught in the trap baited with a single plant volatile compound than with the sex pheromone (Duncan, pϽ0.05) (Table 2 ). However, significantly more females were found in the traps baited with allyl isothiocyanate (4.6Ϯ0.3 females/trap/ day) or (Z )-3-hexenyl acetate (3.6Ϯ0.4 females/ trap/day) alone, as compared to sex pheromone traps (Table 2) .
Trapping efficiency of synthetic sex pheromone combined with a single plant volatile
Traps baited with synthetic sex pheromone (Ph)ϩ(Z )-3-hexenyl acetate and Phϩ(Z )-3-hexen-1-ol captured significantly more males than traps with Ph alone. However, there were no significant differences between treatments of Phϩallyl isothiocyanate, Phϩbenzaldehyde, Phϩphenylacetal-dehyde and Ph alone (cabbage field, males: Table 4 ). Traps baited with Phϩ(Z )-3-hexenyl acetate, Phϩ(Z )-3-hexen-1-olϩallyl isothiocyanate and Phϩ(Z )-3-hexenyl acetateϩ(Z )-3-hexen-1-olϩallyl isothiocyanate caught an average of 15.8Ϯ2.2 (6.7% females of all captured moths), 14.2Ϯ1.3 (6.8%) and 18.6Ϯ2.7 (6.6%) females/ trap/day, respectively, during the field trials. These three types of traps attracted significantly more females than those baited with Phϩ(Z )-3-hexenyl acetateϩallyl isothiocyanate (Table 4) . 635 Bisexual Attractants for Diamondback Moth 
DISCUSSION
Plant volatiles are highly abundant in the plant kingdom and play an important role in plant-insect interactions (Visser, 1986) . The composition of volatiles found in cabbage plants consists of fatty acid derivatives, terpenoids, benzenoids and a few sulfur-containing compounds, such as methyl isothiocyanate (Finch, 1978; Visser et al., 1979; Tollsten and Bergström, 1988; Reddy and Guerrero, 2004) . In this study, the electrophysiological responses of DBM males and females to volatile components from Brassicaceae were tested in the laboratory. The EAG response results showed that benzaldehyde, phenylacetaldehyde and allyl isothiocyanate elicited stronger EAG responses than other components; however, in our field trapping tests, traps with sex pheromone in combination with benzaldehyde, phenylacetaldehyde or allyl isothiocyanate did not attract significantly more male moths than those with sex pheromone alone, pheromoneϩ(Z )-3-hexenyl acetate, and pheromoneϩ(Z )-3-hexen-1-ol in the three brassicaceous crops tested. Similar results were reported in Ips typographus (Zhang et al., 1999) . Strong EAG responses have been recorded on antennae of male and female I. typographus when exposed to 1-hexanol, (Z )-3-hexen-1-ol, and (E)-2-hexen-1-ol; however, a blend of the three volatiles reduced I. typographus trap catches by 85% compared to pheromone alone, while 41% to 50% reductions of trap catches were found when all three individual alcohols were added to the pheromone traps (Zhang et al., 1999) . 1,4-Benzoquinone, the sex pheromone of Melolontha hippocastani, increased the number of male catches when combined at a ratio of 0.5 : 5 mg with (Z )-3-hexen-1-ol (Ruther and Hilker, 2003) . (Z )-3-Hexenyl acetate significantly enhanced trap catches of Heliothis zea males when blended with the sex pheromone . The same compounds may produce various effects in different insects. This variability may be enhanced when the habitat of the insect falls within a wide geographic range, suggesting the role of infochemicals in interactions under complex conditions.
It was also observed that more males were trapped with (Z )-3-hexenyl acetate than with allyl isothiocyanate, whereas more females were attracted with allyl isothiocyanate (Table 2) . A possible explanation for the field trapping results is that males may respond to host odors in order to locate host sites as well as an area of possible virgin female activity, and females may respond to host odors to locate or gain access to feeding and oviposition sites (Landolt and Phillips, 1997; Bruce et al., 2005) . Furthermore, volatile chemicals produced by the hydrolysis of glucosinolates are also known to be involved in host plant location by crucifer specialists (Gupta and Thorsteinson, 1960; Renwick and Radke, 1990; Pivnick et al., 1994; Marazzi et al., 2004) . Allyl isothiocyanates (also known as mustard oils), the hydrolysis products of mainly aliphatic glucosinolates, are feeding attractants for DBM and also stimulate/enhance oviposition (Reed et al., 1989; Justus and Mitchell, 1996; Hughes et al., 1997; Griffiths et al., 2001; Renwick et al., 2006) .
Evidence presented in this study also indicates that traps baited with synthetic sex pheromone and some plant volatiles, such as (Z )-3-hexenyl acetate, enhanced male and female catches in comparison with traps baited with synthetic sex pheromone alone. These results are in accordance with those of previous studies in that (Z )-3-hexenyl acetate in combination with pheromone, in a 1 : 1 ratio, enhanced the number of females and males caught by traps in a cabbage field (Reddy and Guerrero, 2000b) . In this study, traps baited with pheromoneϩ(Z )-3-hexenyl acetate and pheromoneϩ (Z )-3-hexenyl acetateϩ(Z )-3-hexen-1-olϩallyl isothiocyanate enhanced male catches by 46.4% and 75.0%, respectively, compared with synthetic sex pheromone alone, and caught an average of 6.7% and 6.6% females of all captured moths, respectively (Table 4 ). This study reports that female diamondback moths were attracted to odorant chemicals from host plants and that there is a possible interaction between pheromones and kairomones in attracting males. This could not only help to understand pheromone-mediated mate finding and arresting behavior of DBM, but also may have important practical implications in the field utilization of plant volatiles as an approach to mass trapping in integrated pest management of DBM.
Meanwhile, the results from comparative trapping field tests of sex pheromone combined with mixed volatiles showed that the number of males trapped with pheromoneϩ(Z )-3-hexenyl acetateϩ (Z )-3-hexen-1-olϩallyl isothiocyanate significantly increased compared with pheromoneϩ(Z )-3-hexenyl acetate. Therefore, traps baited with pheromoneϩ(Z )-3-hexenyl acetateϩ(Z )-3-hexen-1-olϩ allyl isothiocyanate would be a more effective combination for trapping male and female DBM. Further research will focus on the practical and economic formulation of pheromones in combination with plant volatiles in order to provide a stable release rate over a period of several weeks for use in field applications to control DBM by mass trapping.
